Main pulmonary artery (MPA) stiffness and abnormal flow haemodynamics in pulmonary arterial hypertension (PAH) are strongly associated with elevated right ventricular (RV) afterload and associated with disease severity and poor clinical outcomes in adults with PAH. However, the long-term effects of MPA stiffness on RV function in children with PAH remain poorly understood. This study is the first comprehensive evaluation of MPA stiffness in children with PAH, delineating the mechanistic relationship between flow haemodynamics and MPA stiffness as well as the prognostic ability of these measures regarding clinical outcomes. 
Introduction
Proximal pulmonary vascular stiffness and abnormal flow haemodynamics are increasingly recognized as being strongly associated with elevated right ventricular (RV) afterload in both children and adults with pulmonary arterial hypertension (PAH). [1] [2] [3] [4] [5] Non-invasive surrogate indices of main pulmonary arterial (MPA) stiffness have previously been shown to reflect disease severity, catheterization-derived haemodynamics, and most importantly, poor clinical outcomes in heterogeneous adult PAH populations. [6] [7] [8] utility of indices of MPA stiffness in paediatric PAH is unknown. Furthermore, the exact interplay between proximal pulmonary vascular stiffness and abnormal flow haemodynamics in the proximal pulmonary arterial conduit is still unknown despite increasing evidence supporting a key role of flow-mediated vascular remodelling in disease progression of the pulmonary and systemic circulations. 9, 10 Characterization of pulmonary vascular stiffness in children is a challenging task due to the invasiveness of right heart catheterization, heterogeneity of congenital heart defects (CHDs) commonly associated with paediatric PAH, and limited number of studies that follow paediatric patients through transition to adult PAH programmes. 11, 12 While not direct measurements of intrinsic vascular properties, noninvasive markers of pulmonary vascular stiffness may obviate some of these challenges. Using non-invasive cardiac magnetic resonance (CMR), we have previously reported that reduced relative area change (RAC) and haemodynamic wall shear stress (WSS) in large pulmonary arteries are strongly associated with disease severity in children. 13, 14 Elevated WSS is typically associated with systemic vasculopathies, and consequently with endothelial damage and extracellular matrix degradation. 10, 15 However, decreased WSS is commonly present in the proximal pulmonary arteries of patients with PAH, which likely promotes a pro-inflammatory endothelial cell phenotype, smooth muscle cell proliferation, and inflammatory cell infiltration. 16, 17 The typically dilated proximal pulmonary vasculature is prone to flow mediated augmentation of vascular stiffness, consequently leading to additional rise in RV afterload.
To further and more comprehensively investigate this pathophysiological process in children with PAH, we evaluated serial changes in pulmonary flow haemodynamics and MPA stiffness and sought to determine the clinically prognostic potential of MPA stiffness indices. We hypothesized that non-invasively derived markers of vascular stiffness, pulse wave velocity (PWV) and RAC, will change, in a longitudinal fashion, with shear haemodynamics and will predict clinical outcomes in children with PAH. Better understanding of the interplay between flow haemodynamics and vascular stiffness with respect to clinical prognostics may provide more information to guide therapeutic management and pharmacological targeting of PAH.
Methods
This study was approved by the Colorado Multi-Institutional Review Board, and all subjects provided written informed consent. Patients with PAH seen by the Pulmonary Hypertension Clinic at Children's Hospital Colorado who underwent comprehensive CMR from December 2007 to August 2016 were included. The initial diagnosis of PAH was established after evaluation by our Pulmonary Hypertension Program, which included echocardiograms and a prior cardiac catheterization, according to accepted guidelines. 3, 18 World Health Organization functional class (WHO-FC) was evaluated during the initial visit and all subsequent clinical visits at the Pulmonary Hypertension clinic with the time interval between individual follow-ups ranging between 3 weeks to 6 months. Exclusion criteria included (i) present pulmonary valve or pulmonary arterial stenosis determined by CMR or echocardiography, (ii) patients with absent primary pulmonary branch, and (iii) previous surgical intervention on the pulmonary vasculature involving artificial material, such as right ventricle to pulmonary arterial conduits. Control subjects were prospectively recruited through campus advertisement and were included if they did not have any known underlying cardiac, pulmonary, or systemic disease. Catheterization-derived data from the chronologically closest study to the CMR was used for this study.
CMR acquisition
The acquisition protocol was performed as described previously. 13, 14 A gradient echo electrocardiogram gated sequence was applied to obtain tissue intensity and phase velocity maps using a 1.5 or 3.0 Tesla magnet (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany; Ingenia, Philips Medical Systems, Best, The Netherlands). The flow haemodynamic parameters were measured using phase-contrast CMR, in the mid-section of the MPA in orthogonal fashion confirmed by corresponding angiogram ( Figure 1) . The free breathing phase-contrast CMR with Cartesian encoding and retrospective sorting had a temporal 19 RV dimensional analysis was performed through standard short-axis images with coverage of the ventricles from base to apex as described previously.
14 RV volume and cardiac output were indexed for body surface area (BSA). In addition to standard RV volumetric and functional metrics we calculated RV ventricular-vascular coupling ratio (VVCR) using simplified CMR method (end-systolic volume/stroke volume). 20 
Pulmonary vascular stiffness analysis
To characterize MPA stiffness, we used measures of flow-area (dQ/dA) that are applicable for proximal regions of great vessels, as described previously. 21, 22 Flow and area change waveforms were analysed from timeframe segmented respective phase-contrast and magnitude images (Matlab Program; Mathworks, Inc., Natick, MA, USA). To limit the effect from backward wave reflections, we sampled data points for PWV evaluation only during the early phase of ejection and excluded data points suggestive of early reflection, which would have created an upstroke notch within the flow curve or when the flow-area curve revealed a plateau at the end of the upstroke phase ( Figure 1) . For the final computation of dQ/dA slope representing PWV, 4-6 data points were needed to ensure reliable linear fit. [21] [22] [23] The RAC was computed from the segmented magnitude images as (A max -A min )/A max *100%.
Shear haemodynamics
The through-plane WSS at the MPA plane was computed as shown previously from eight points along the MPA lumen. 13, 22 Specifically, WSS was sampled at 45 increments along the MPA lumen for localized position specific analysis. These positions were denoted to reflect anatomical location within the MPA plane as S, LS, RS, L, R, RI, LI, and I, representing the superior, left-superior, right-superior, left, right, right-inferior, left-inferior, and inferior MPA lumen locations (Figure 1) . From the WSS waveform, maximum systolic WSS (WSS max ), time-averaged WSS (WSS TA ), and oscillatory shear index (OSI) were collected. OSI, previously described by Ku et al. 24 is descriptive of the deviation of shear stress from its principle direction. The OSI describes the directional uniformity of WSS which can be comprised particularly in the presence of chaotic and turbulent flow. Highly oscillatory shear described by high OSI values is associated with poor endothelial function and vascular remodelling. 14, 25 Additional parameters were sampled from patient specific flow waveforms: maximum flow (Q max ), maximum velocity (V max ), maximum systolic diameter (D max ).
Statistical analysis
Analyses were performed in JMP (version 13.1 or higher; SAS Institute, Cary, NC, USA). Variables were checked for the distributional assumption of normality using normal plots, in addition to Kolmogorov-Smirnov and Shapiro-Wilks tests. Variables that were positively skewed (e.g. PWV, OSI, VVCR) were natural log-transformed for the correlative analyses. Demographic and clinical characteristics among children with and without PAH were compared using student t-test for normally distributed continuous variables, Wilcoxon-rank sum test for non-normally distributed variables, and v 2 for categorical variables. Additional group comparisons were performed using Kruskal-Wallis or one-way ANOVA tests between the PAH specific WHO-FC groups and PAH clinical categories. Generalized linear regression models were used to examine association between the MPA stiffness (PWV and RAC) and RV volumetric and functional indices and were adjusted for age, BSA, and sex. To investigate the relationship between WSS and MPA stiffness over time, a random coefficient model with an intercept and slope fit for each patient with at least two CMR measurements was used as described previously. 26 In addition, a bivariate version of the random coefficients model was applied to investigate whether the trends in WSS over time are associated with changes of MPA stiffness indices. This modelling approach is achieved by simultaneously fitting two univariate mixed effects models, one for each outcome, and specifying a joint multivariate distribution on the random effects. A benefit of this method is that it does not require the outcomes to be measured at the same time.
All MPA and RV characteristics were considered for survival univariate analysis. Univariate Cox proportional hazards analysis was applied to assess the predictive ability of RV and MPA specific variables in all 57 PH patients. Two types of composite outcomes were considered for prognostic analysis. Composite severe outcomes were defined as death, lung transplantation, initiation of intravenous or subcutaneous prostacyclin therapy, clinically indicated atrial septostomy, or need for a Pott's shunt. Composite moderate outcomes were defined by an escalation in WHO-FC, PAH related hospitalization, syncopal event, or haemoptysis. For variables that were found to be significantly associated with survival univariate analysis, Kaplan-Meier survival curves were constructed with specific log-rank test with the population divided by receiver operating characteristics to find the most optimal cut-off values. All patients were followed up to the particular event or the end of the study (August 2016). Significance was based on an a-level of 0.05.
Results
Comprehensive patient characteristics and baseline haemodynamics are summarized in Table 1 . Fifty-seven patients (average age, 12.1 ± 5.5 years; range 1.5-18.1 years) with baseline CMR acquisition underwent successful MPA stiffness and shear evaluation, and 21 patients had two or more follow-up CMR acquisitions at a mean interval of 3.5 years (range 0.6-6 years). Twenty-three patients had idiopathic PAH, 22 patients had PAH associated with CHD, and 14 had PAH due to other causes. Specific CHD lesions included atrial septal defect (n = 7), ventricular septal defect (n = 6), atrioventricular septal defect (n = 2), coarctation of the aorta (n = 2), patent ductus arteriosus (n = 3), partially anomalous pulmonary venous return (n = 1), transposition of great arteries (n = 1), and pulmonary vein stenosis (n = 1) with all defects being post repair. Twelve patients were classified within WHO-FC I, 29 subjects as WHO-FC II, 11 subjects as WHO-FC III, and 6 subjects with WHO-FC IV. At the time of initial CMR acquisition, all patients were receiving PAH therapy (40 phosphodiesterase-5 inhibitors, 26 endothelin receptor antagonists, and 25 prostanoid derivatives). 28 patients were receiving monotherapy, and 16 had dual combination therapy, and 13 were receiving triple combination therapy. Catheterization-derived mean pulmonary arterial pressure was 44 ± 17 mmHg with a pulmonary vascular resistance index of 9 ± 6 Wood units*m 2 . The median time between catheterization and CMR acquisition was 132 days (range 0-218 days). Comparison of standard RV volumetric measures between PAH and control populations revealed significantly elevated Proximal pulmonary vascular stiffness as a prognostic factor in children
indexed end-diastolic and end-systolic volumes in the PAH group (both P < 0.0001). Furthermore, the RV ejection fraction was significantly decreased in PAH group (P < 0.0001) whereas the VVCR was significantly elevated (P = 0.0005) in the same group. Indexed stroke volume, cardiac index, and heart rate were similar between PAH and control groups.
Baseline MPA stiffness and WSS analysis
The haemodynamic and MPA stiffness analysis is summarized in Table  2 . The baseline PWV was significantly increased in the PAH group (2.8 m/s vs. 1.4 m/s, P < 0.0001) and correspondingly RAC was significantly depressed in the same group (25% vs. 37%, P < 0.0001). Representative PWV analysis with corresponding flow and area waveforms is depicted in Figure 2 . There was no intergroup variability in PWV between different WHO-FC groups ( Figure 3A) . Similarly, we did not observe any differences in PWV between APAH-CHD or IPAH ( Figure 3B) . Baseline shear haemodynamic analysis revealed decreased WSS max and WSS TA in PAH patients (both P < 0.0001). The OSI was significantly increased in the PAH population (P = 0.0001). Regional WSS max distribution along the MPA lumen for control and PAH is depicted in Figure 4 . The WSS max was significantly decreased in all considered anatomical points, except at the inferior aspect of the MPA. The major WSS determinants Q max , V max , and D max revealed variability between PAH and control groups only in D max (3.1 cm vs. 2.6 cm, P < 0.0001). The baseline correlations between stiffness markers (PWV and RAC) and RV volumetric and functional indices are summarized in Table 3 . Both PWV and RAC correlated significantly with ejection fraction, indexed RV enddiastolic and end-systolic volumes, and VVCR (all P < 0.001).
Longitudinal MPA stiffness and WSS analysis
The bivariate random coefficient model was applied to estimate and correlate random slopes of MPA stiffness indices with WSS max to investigate the mechanism of shear mediated vascular remodelling ( Figure 5) . The average time between two CMR acquisitions was 3.5 years (range 0.6-6 years). Trends in WSS max were significantly correlated with RAC (R value = 0.679, P = 0.0007). However, the relationship in trends between the WSS max and PWV failed to reveal significant relationship (R value = -0.359, P = 0.1101).
Predictive analysis
With respect to severe clinical outcomes, the average follow-up time was 2.2 years (range 0.2-7.4 years) in which three patients died, one underwent lung transplantation, six were initiated on intravenous or subcutaneous prostanoid therapy, two received clinically indicated atrial septostomy, and one underwent a Pott's shunt. For the moderate clinical outcomes, the average follow-up time was 2.1 years (range 0.2-8.1 years) during which 20 patients had worsening of WHO-FC, 4 patients experienced syncopal event during clinical visits, three patients had to be hospitalized due to PAH related causes, and one patient experienced haemoptysis. The univariate proportional hazard analysis is summarized in Table 4 . From all considered MPA and RV specific metrics, only the PWV was shown to have a prognostic potential toward moderate clinical outcomes. For each unit increase in Figure 6 with the receiver operating cut-off value of 2.3 m/s. None of the considered metrics showed potential toward predicting severe clinical event.
Discussion
In this study, we have shown that non-invasive markers of proximal pulmonary vascular stiffness are significantly elevated in the paediatric PAH population, that stiffness metrics representing additional RV afterload are related to RV size and function, and that progression in stiffness could be associated with changes in flow haemodynamic forces acting on the vessel wall. Furthermore, we found that stiffness measured in the MPA can be predictive of moderate clinical events. While the stiffness of proximal pulmonary conduit vessels has been described in studies considering heterogeneous PAH populations, 8, 27 this is the first study to demonstrate the potential prognostic utility of non-invasive and comprehensive evaluations of MPA stiffness in children with PAH. Proximal pulmonary vascular stiffness as a prognostic factor in children
MPA stiffness in paediatric PAH
In our previous work, we have described significantly reduced WSS metrics and RAC in smaller paediatric PAH populations. 13, 14 However, RAC can be considered a simplified metric of MPA stiffness independent of pulse pressure, whereas PWV is considered gold-standard non-invasive index of vascular stiffness. 23 PWV is specifically applicable for vessel stiffness analysis given that considerable wall remodelling may occur prior to alterations in vessel geometry. Additionally, PWV was investigated in this study using flow-area method, which enables region and plane specific analysis, which should be considered in this patient population given the heterogeneity of pulmonary arterial wall composition and backward wave reflections coming from the proximal pulmonary arterial branches. 2, 4 In this study, we have observed nearly two-fold increase in PWV measured at the MPA, similar to a previously reported adult study. 21 Additional studies in the adult literature have reported dramatically decreased RAC along with the MPA compliance and distensibility. 6, 28 Other studies have suggested that non-invasive detection of MPA stiffness is an early sign of worsening pulmonary vascular disease correlating with clinically prognostic outcomes, and that stiffness can significantly increase with response to exercise induced stress. 8, [29] [30] [31] Unfortunately, serial follow-up of paediatric PAH patients by combined catheterization and advanced imaging techniques is challenging due to the invasiveness of cardiac catheterization. Additionally, comprehensive evaluation of pulmonary vascular stiffness using impedance frequency domain analysis along with more simple pulse pressure based metrics (i.e. compliance and distensibility) require catheter derived pressure waveform and are limited for clinical evaluation of pulmonary circulation, especially in children. 32, 33 Indeed, the majority of consensus recommendations suggest non-invasive clinical follow-up evaluation by means of echocardiography or CMR. 3 The promising route toward more comprehensive non-invasive characterization of PAH is real-time CMR allowing for high temporal resolution imaging, but this technique is currently applied only in a limited number of institutions due to high post-processing time.
21,34,35
MPA stiffness and RV afterload
The significant contribution of increased proximal pulmonary vascular stiffness to RV afterload has been demonstrated in both adult and paediatric PAH populations. 4, [36] [37] [38] In this study, we have shown significant correlations between non-invasive markers of MPA stiffness with volumetric and functional RV indices. Non-invasive evaluation of RV remodelling as a response to elevated afterload has been previously investigated by means of a simplified version of the VVCR (mathematical transform of RV ejection fraction), demonstrating potential for describing disease severity and prediction of clinical outcomes. 20, 39, 40 Strong association between PWV and RAC with VVCR in our study suggests that critical contribution of proximal stiffness to RV-pulmonary artery axis function can be measured noninvasively in paediatric PAH population and further supports ongoing efforts for finding therapeutic targeting for proximal vascular stiffness.
4,41

Shear haemodynamics and stiffness
Flow mediated remodelling of pulmonary and systemic vasculature is already recognized phenomenon applicable to broad range of vasculopathies. 7, 16 The mechanotransduction driven endothelial and extracellular matrix remodelling in PAH has been described in several in vitro and animal studies. 4, 17, 37, [42] [43] [44] Similar to systemic circulation, shear mediated response in pulmonary circulation has a spatially heterogeneous response i.e. endothelial cells in the pulmonary artery will have different responsiveness to shear abnormalities than those at the level of pulmonary arterioles. 9, 45, 46 Furthermore, endothelial response to WSS variations is magnitude and direction specific, with low and oscillatory shear mediating endothelial cell proliferation and activation of the local inflammatory response. 15, 16, 47 Indeed, in the presented study, we have observed dramatically reduced WSS max and WSS TA along with elevated OSI in the presence of increased MPA stiffness. In the presence of such a condition, the extra-cellular matrix of the MPA has been shown in in vitro studies to remodel toward collagen dominant and thus, stiffer, character. 17, 48 Importantly, we observed that changes throughout the disease progression in the WSS max correspond to the changes in RAC representing a purely geometric assessment of vascular deformation. Interestingly, the PWV has not shown a significant correlation but was indicative of the corresponding trend. While the major theoretical determinants of WSS, vessel size, was severely enlarged in PAH, one must carry in mind that theoretical WSS as calculated by Haagen-Poisseuille law relationship assumes ideal pipe-flow condition and does not account for pulsatile flow and three-dimensional secondary flow structures (vortices and helices), which are often associated with PAH. 49 Further and more comprehensive studies using four-dimensional flow CMR (4D-Flow CMR) enabling broad three-dimensional WSS analysis will be required to study the relationship between WSS and proximal pulmonary stiffness in paediatric patients. A previous adult study has successfully described reduced WSS assessed by 4D-Flow CMR in the MPA and correlated shear metrics to invasive haemodynamic indices. 49 Other qualitative and quantitative flow haemodynamic metrics of flow disturbances affecting WSS have been correlated with the severity of PAH. 5 Prognostic value of the MPA stiffness
Several catheterization-derived markers, standard clinical indices, and non-invasive RV echocardiographic and CMR derived specific metrics have been previously shown to be strongly associated with clinically important outcomes in children with PAH. Specifically, MPA stiffness derived indices, reflective of pulsatile load derived by catheterization, have been shown to have good prognostic potential to predict PAH related morbidity and mortality. 50, 51 However, none to date have evaluated the prognostic ability of non-invasive imaging stiffness Proximal pulmonary vascular stiffness as a prognostic factor in children markers in paediatric PAH population. 34, 52 In this study, we considered two different sets of composite outcomes and found that MPA stiffness represented by PWV can be predictive of moderate clinical events. Interestingly, none of the other RV metrics were shown to be predictive of moderate or severe clinical outcomes. We speculate that this is mainly due to smaller number of patients considered for prognostic analysis with respect to previously described large studies and the nature of composite outcomes. Moledina et al has shown significant prognostic potential of RV and left ventricular volumetric indexed measures toward freedom from death or transplantation. 34 Measuring meaningful clinical outcomes in both adult and paediatric populations remains challenging; while more evaluation is needed to find suitable clinical endpoints for this population, composite clinical outcomes made up of less dramatic clinical events should be a priority. Previous work has shown the predictive ability of RAC toward mortality in broad PAH adult populations. 8 Furthermore, invasive stiffness metrics sampled from young children with suspected pulmonary vascular disease has been shown to have prognostic value for PAH severity and the development of PAH in adulthood. 53 In this work, we showed that non-invasively derived PWV, a surrogate for MPA stiffness can predict adverse clinical outcomes.
Limitations
Retrospective analysis of CMR in children with PAH is limiting as there was some heterogeneity in CMR acquisition. The variability in different MRI systems may indeed introduce inter-system variability, however, the previous studies have reported limited effect of different field strength on haemodynamic measurements. 54 The sample size of our PAH cohort limited both baseline and prognostic analysis. This is mainly due to fact that young children (<7 years of age) require sedation for CMR evaluation per institutional protocol. Additionally, severe outcomes are infrequent in the paediatric PAH population lacking a consensus definition of moderate and severe outcomes. 3 Retrospective analysis also limits the ability to coordinate CMR with invasive catheterization, and therefore, clinical decisions made between catheterization and CMR may contribute to altered outcomes. Lastly, our PAH patient population might differ from other centres due to regional factors associated with high altitude. These limitations have been postulated previously as unavoidable in majority of paediatric CMR studies. 22 A technical limitation is through plane motion of the pulmonary trunk, which may have introduced an error to both PWV (dQ/dA method) and RAC analysis. Furthermore, the PWV measured by flow wave propagation within the proximal pulmonary conduit in children is limited by the spatiotemporal resolution and is more applicable to the aortic stiffness analysis. Herein, we attempted to mitigate all potential errors with backward wave reflections in pulmonary vessels by secluding PWV analysis only to the specific portion of the flow upstroke waveform without evidence of a wave reflection.
Conclusion
Children with PAH have increased pulmonary vascular stiffness as assessed by non-invasive CMR evaluation regardless of PAH aetiology. Metrics of MPA stiffness also correlate with RV volumetric and functional indices implying an important contribution to the RV afterload. MPA stiffness is associated with reduced haemodynamic WSS, and changes in both metrics followed a consistent pattern on follow up CMR. Importantly, we found that PWV measured in the MPA can be predictive of moderate clinical outcomes and therefore may be applied toward CMR follow up evaluation of paediatric PAH patients. The presence of proximal pulmonary vascular stiffness in PAH then should be further considered as therapeutic target in paediatric population.
